A straightforward multigram synthesis of γ-amino-α,β-unsaturated phosphonates is described via a substitution-elimination sequence of dibromopropylphosphonates with primary amines. Depending on the primary amine, a one or two step procedure was utilized.
Introduction
Aminovinylphosphonates and phosphonic acids are important compounds from a biological point of view. It is known that they can act as NMDA antagonists and, therefore they have potential in the treatment of epilepsy, ischemia and migraines. 1, 2 They have also attracted an increasing interest because of their clinically useful antimicrobial activity. 3, 4 Aminated vinylphosphonates also contain different interesting reactive centers which make them suitable as building block for the synthesis of a range of functionalised phosphonates.
Only a few methods have been described for the synthesis of γ-amino-α,β-unsaturated phosphonates. The corresponding phosphonic acid derivatives have been prepared from allylic α−acetoxyphosphonates in a palladium catalyzed umpolung reaction. 5, 6, 7 Another route describes the palladium catalyzed amination with N,O-protected hydroxylamine derivatives of phosphonylated allylic carbonates. 8, 9, 10 A similar route was described by Genet 11 et al. by palladium catalyzed alkylations of diethyl aminomethylphosphonate Schiff bases to prepare unsaturated α-aminophosphonates. A slightly different approach describes the palladium catalyzed reaction of 3-acetoxy-1-alkenyl phosphonates with ethyl diphenyl methylene amino
Results and Discussion
In order to prepare γ-aminopropenyl phosphonates, diethyl 2,3-dibromopropylphosphonate 1 was selected as a convenient starting material for a substitution-elimination strategy. The obvious reaction of one equivalent of primary amines, such as benzylamine or ammonia, with one equivalent of 1 in the presence of one equivalent of triethylamine was evaluated.
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P-NMR showed the appearance of a vinylphosphonate as the major product in the reaction mixture but together with a multitude of unidentified phosphonates (more than 50%), which could not be removed by a purification step (Scheme 1). 
Scheme 1
High vacuum destillation resulted in a total breakdown of the desired aminovinylphosphonates, whereas flash chromatography over silica resulted in complex mixtures and a dramatic loss of material. Also, crystallization of the hydrochloride (prepared by adding an etheral solution of HCl to the aminophosphonate dissolved in ether) failed and no pure fractions could be isolated after preparative gas chromatography.
After extensive experimentation and modification of the preparation and purification procedure, the desired aminophosphonates 2 could be prepared in a suitable way. This optimized procedure consists of the addition of one equivalent of the dibromophosphonate to three equivalents of primary amine in dichloromethane followed by precipitation of the salt using oxalic acid. The use of oxalic acid is crucial in order to get good results since the more conventionally used hydrochloric acid was not appropriate. Using this procedure, no low yielding protection-deprotection strategies have to be applied. The salts obtained can be stored at room temperature and are stable for months. The free amines could easily be regenerated afterwards using an aqueous solution of NaOH (3N). The E and Z isomers were identified for some derivatives, but were not separated (Scheme2).
Scheme 2
Although the procedure works well with a range of amines, it is not general and still failed when benzylamine, cyclohexylamine or ammonia were used as nucleophile. In these cases, the formation of side products could not be suppressed and they could not be separated from the desired vinylphosphonate. Therefore, the elimination-substitution was carried out in two steps using first NaH to induce the elimination, followed by the addition of the primary amine to perform the substitution. Treatment of diethyl (1E)-3-bromoprop-1-enylphosphonate 4 with benzylamine, cyclohexylamine and ammonia resulted, without further purification, in pure γ-amino-α-β-unsaturated phosphonates 2 (Scheme 3). Table 1 gives an overview of the substitution-elimination reactions.
In this way, a multigram synthesis of compound 2b can easily be carried out. 14 The yield of this reaction, however, was lower than with NaH as a base (Scheme 3).
Considering the E/Z ratio of the aminovinylphosphonates, the disubstituted compounds appear as the E isomer, whereas the trisubstituted compounds appear as a mixture of the E and Zisomers, with the Z isomer predominating (deduced by comparison of the 13 C-value pattern). For compound 2b, stabilization through a five membered ring due to interaction between the nitrogen atom and the phosphorus atom could rationalize the ratio of the isomers (Scheme 4), as it is known for the intramolecular catalysis of dialkyl ω-aminoalkylphosphonates during hydrolysis. 15 In the case of the benzylamine derivative 2a, a shift in E/Z ratio was observed after storage of the compound during three months at room temperature, probably due to the same interaction. 
Scheme 4
Although the described procedure is suitable for the synthesis of the unsubstituted amine 3b, the yield was only 19%. Therefore, another strategy to obtain phosphonate 2b was evaluated by the reaction of the dibromophosphonate 1 with sodium azide, followed by hydrolysis or reduction. This strategy seemed interesting since only a few pathways leading to 2b are known in the literature, all requiring multiple steps or giving rise to problems somewhere in the reaction scheme.
Öhler reported a pathway resulting in the azide 5 via the rearrangement of an allylic α-hydroxyphosphonate to an allylic γ-hydroxyphosphonate 16, 17 and another one leading to 2b via a thermal rearrangement of trichloroacetimidic esters of allylic α-hydroxyphosphonates.
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In general, primary and secondary amines react nicely with 1-acetoxyallylic phosphonates in the presence of palladium, but ammonia failed to do so. 6 However, using sodium azide as a nucleophile resulted smoothly in the synthesis of the corresponding 3-azido-1-alkenylphosphonates. Surprisingly, the azide did not undergo hydrolysis in the presence of Ph 3 P according to Murahashi's procedure, 19, 20 which describes a palladium catalyzed azidation of allylic acetates followed by hydrolysis resulting in allylic amines. Also Trost 21, 22 experienced problems with the hydrolysis of the allylic azide and used a synthon for ammonia, p,p'-dimethoxybenzhydrylamine, as the nucleophile to react with allylic acetates.
Knowing that it would be difficult to hydrolyse the allylic azido function, the easy and big scale synthesis of 5 (Scheme 5) was a motivation to search for an appropriate reduction method. Reductive methods 23 with SnCl 2 in MeOH, NaBH 4 in MeOH, H 2 / Pd, NaBH 4 / 1,3-propanedithiol and Ph 3 P all failed. Therefore, the strategy described in Scheme 3 is up to now the most suitable one for the multigram synthesis of 2b and stays attractive because no protectiondeprotection steps are necessary. In conclusion, this manuscript describes a straightforward and high yielding synthesis of γ-amino-α,β-unsaturated phosphonates. Considering the literature on some of these and related compounds, it became obvious that this apparently easily obtainable class of compounds needed careful fine tuning of reaction conditions to develop a multigram synthesis. This consideration prompted us to communicate our experience in this field. The utilization of γ-amino-α,β-unsaturated phosphonates for the synthesis of interesting heterocyclic phosphonates will be reported in due course.
Procedure for the synthesis of diethyl 2,3-dibromopropylphosphonate (1) (R 1 =H)
A solution of allylphosphonate (0.1 mol in dichloromethane) was cooled in an ice bath. Bromine (0.12 mol in dichloromethane) was added dropwise and the mixture was left stirring for 2 h at room temperature. This mixture was poored into a saturated solution of Na 2 SO 3 , extracted with dichloromethane and dried over MgSO 4 . After evaporation of the solvent, a pale yellow oil was obtained in an equimolar amount and with a purity of 92 %. After high vacuum destillation, the purity was raised to more than 99 % (Yield: 91 %). ) . A solution of methallylphosphonate (0.1 mol in dichloromethane) was cooled in an ice bath. Bromine (0.12 mol in dichloromethane) was added dropwise and the mixture was stirred for 4 h at room temperature. This mixture was poored into a saturated solution of Na 2 SO 3 , extracted with dichloromethane and dried over MgSO 4 . After evaporation of the solvent, a pale yellow oil was obtained in 87 % yield and with a purity of 85 %. After high vacuum destillation, the purity was raised to more than 99 % (Yield: 64 %). Diethyl 2,3-dibromo-2-methylpropylphosphonate (1) (R 1 =Me).
1 H-NMR (CDCl 3 , 270 MHz) δ: 1.35 (6H, t, J = 7.1 Hz, 2 × OCH 2 CH 3 ); 2.04 (3H, s, CH 3 C-Br); 2.70 (2H, m, CH 2 -P); 3.97 (1H, d, J AB = 11 Hz, CH-Br); 4.15 (5H, m, CHBr, 2 × OCH 2 CH 3 ). 13 C-NMR (CDCl 3 , 68 MHz) δ: 15.64 (J C-P = 6 Hz, 2 × OCH 2 CH 3 ); 31.02 (J C-P = 7.3 Hz, CH 3 C); 38.54 (J C-P = 140.3 Hz, CH 2 -P); 43.67 (J C-P = 7.3 Hz, CH 2 -Br); 58.90 (CH 3 C); 61.03 (J C-P = 8.5 Hz, OCH 2 CH 3 ); 61.14 (J C-P = 6.1 Hz, OCH 2 CH 3 ). Solutions of dibromophosphonate 1 (0.03 mol in dry diethyl ether) and primary amine (0.06 mol in dry diethyl ether) were mixed cooling the mixture in an ice bath. These solutions were then mixed, allowed to warm up and brought to reflux temperature. After two hours the mixture was allowed to cool to room temperature. It was poored into 50 ml of 3N NaOH and extracted with 3 × 30 ml dichloromethane. The organic phase was dried over MgSO 4 . After evaporation of the solvent, the resulting pale yellow oil was dissolved in dry diethyl ether. A 100 ml saturated solution of oxalic acid in ether was prepared (12 g in 100 ml) and filtered just before adding it dropwise to the cooled solution of the yellow oil. The oxalic salt of the γ-amino-α,β-unsaturated phosphonate 3 precipitates and is obtained pure after filtration and drying in vacuo. To record the spectral data, the amines 2 were regenerated with 3N NaOH and extracted with dichloromethane. E/Z isomers were not separated. (1Z)-3-(isopropylamino)-2-methylprop-1-enylphosphonate (2g) . C-NMR (CDCl 3 , 68 MHz) δ: 16.36 (J C-P = 6.1 Hz, 2 × OCH2CH3); 56.12 (J C-P = 21.9 Hz, NHCH 2 CH=); 61.80 (J C-P = 4.8 Hz, 2 × OCH 2 CH 3 ); 119.27 (J C-P = 186.8 Hz, CH=CH-P); 149.07 (J C-P = 4.9 Hz, CH=CH-P). 
Diethyl (1E)-3-(propylamino)prop-1-enylphosphonate (2c

Diethyl (1E)-3-(isopropylamino)prop-1-enylphosphonate (2d
Diethyl (1E)-3-(tert-butylamino)-2-methylprop-1-enylphosphonate (2h
Diethyl (1Z)-3-(benzylamino)prop-1-enylphosphonate (2a).
